diabetes was determined in 250 monozygotic and 264 dizygotic white male twin pairs who participated in the National Heart, Lung, and Blood Institute Twin Study. These twins were born between 1917 and 1927 and were identified from military records without regard to disease status: We examined surviving members of the cohort twice -at mean ages of 47 and 57 years -and obtained 1-h post-load glucose tests and medication histories. Diagnostic criteria for Type 2 diabetes included a glucose value >__ 13.9 mmol/1 or current use of antidiabetic medication; possible Type 1 (insulin-dependent) diabetic twins were excluded. A strong genetic predisposition to Type 2 diabetes was suggested by 3 lines of evidence from the second examination: (1) 58% of monozygotic co-twins of diabetic twins were themselves diabetic compared with an expected prevalence of 10%; (2) only I of 15 originally disease-discordant, monozygotic twin pairs remained discordant for diabetes; and (3) 65% of non-diabetic monozygotic co-twins of diabetic twins had elevated glucose values. Because concordance for diabetes was less than 100% for twins aged 52-65 years and because twins varied in age at onset of disease, non-genetic factors may also influence diabetes development. Among the 19 monozygotic twins pairs discordant for diabetes, diabetic twins did not differ from their non-diabetic co-twins in obesity, diet, alcohol consumption, or education. However, compared with unrelated nondiabetic twins of the same ages, non-diabetic co-twins of diabetic twins gained more weight as adults (p<0.02) and had higher glucose levels (p < 0.03).
Twin studies have suggested the importance of genetic factors in diabetes mellitus [1] [2] [3] [4] . A genetic influence has been inferred from the greater concordance for disease among monozygotic (identical) twin pairs than among dizygotic (fraternal) twin pairs and from the high concordance among monozygotic twins, particularly as concordance does not occur until later in life when twins no longer share the same environment. For late-onset or Type 2 (non-insulin-dependent) diabetes mellitus, concordance among monozygotic twins has ranged from 55% to 100% [5] [6] [7] [8] . However, these studies may have overestimated disease concordance because of problems related to ascertaining diabetes in twins.
When identified from a clinical population through a diabetic proband, concordant twin pairs are twice as likely to receive medical attention as discordant pairs. In addition, concordant pairs are often of greater clinical interest and are referred more readily to investigators. Furthermore, clinic-based studies tend to include more severe cases of diabetes. Among the three clinicbased investigations of diabetes [5, 6, 8] , only Barnett et al. [5] evaluated the representativeness of their study group; they concluded that these selection biases were present.
The use of population-based twin registries provides for a wider spectrum of disease and ascertainment of twin pairs independent of disease status. However, concordance may still be overestimated if the definition of disease relies on self-reported diagnosis, because the twin of a clinical case is more likely to have been screened for -and therefore aware ofasymptomatic diabetes. This overestimation can be avoided if diagnostic tests are used to evaluate all members of the registry; this was not done in the major population-based twin study on diabetes from the Danish Twin Registry [7] .
To avoid ascertainment biases and overestimation of disease concordance, we investigated Type 2 diabetes mellitus in a group of twins who were recruited 764 without regard to this condition. Each twin received a medical questionnaire and a 1 h glucose tolerance test regardless of his co-twin's status. In this paper, we report the results of analyses on disease concordance and the influence of nongenetic factors on development of Type 2 diabetes.
Subjects and methods

Subjects
The National Heart, Lung, and Blood Institute (NHLBI) Twin Study sample and its source, the National Academy of Sciences-National Research Council (NA~NRC) Twin Panel, have been described in detail [9] [10] [11] . Briefly, the NAS-NRC Twin Panel comprises white male twin pairs born from 1917 through 1927 who served in the U. S. Armed Services sometime from World War II through the Korean War. The NHLBI Twin Study sample was drawn from NAS-NRC Twin Panel members who lived in Califomia, New England, or within 200 miles of Indianapolis, Indiana and who agreed to participate in a study of cardiovascular disease risk factors. The 250 monozygotic and 264 dizygotic twins pairs were first examined between July 1969 and August 1973; 177monozygotic and 186dizygotic twin pairs were examined approximately 10 years later, between March 1981 and June 1982. Compared with the participants in the second examination, non-returnees were generally less healthy at the first examination. Of particular interest to this study, the non-returnee group had a significantly higher (p<0.05) mean 1 h post-load glucose value but lower mean body mass index (p< 0.001). Participation and mortality did not differ by zygosity.
Data collection
Examination protocols were approved by the Institutional Review Boards of each participating center, and the investigations were performed in accordance with the principles of the Declaration of Helsinld. The protocols for both examinations were similar. After an overnight fast, both members of each twin pair were seen on the same day by different physicians. A 50-g oral glucose load was given 1 h before blood was drawn unless the subject was currently using insulin or oral hypoglycaemic agents or had glycosuria of 3 + or greater. Glucose levels were measured at the examination centers us-B. Newman et al.: Type 2 (non-insulin-dependent) diabetes in male twins ing an SMA 12/60 instrument (Technicon Instruments, Tarreytown, NY). Current or past use of medications, including insulin and oral hypoglycaemic agents, was ascertained. Weight and height were measured at the examinations and were obtained from military induction records and from a mailed questionnaire administered in 1967 that inquired about weight at age 25 [12] .
Data on medical history, health-related behaviours, and demographic characteristics were collected at each examination. Detailed dietary information was obtained at the first examination only, from participants at all centers except San Francisco. Subjects were asked how often they ate or drank a variety of specific foods and beverages. Assuming average portion size and nutrient composition, estimates of daily intake were calculated. Alcohol consumption was measured on a 7-value scale which reflected how often the subject drank beer, wine, or other alcoholic beverages: "1" indicated seldom, and "7" indicated more than 4 times per day. Education was measured by the number of school years completed. When co-twins did not agree regarding the exact number of years they lived together or how often they were in contact by visits, telephone calls, or correspondence, the mean of their responses was used in the analysis.
Zygosity determination
Zygosity was assessed by serotyping 22 erythrocyte antigens [9, 10] . Pairs were classified as dizygotic if co-twins differed for any marker. If co-twins were concordant for all markers, they were classified according to their opinion of their own zygosity. As a result, 26 twin pairs concordant for all markers were classified as dizygotic. Results of diabetes concordance analyses were essentially unchanged when these 26 pairs were reclassified as monozygotic.
Diabetes diagnosis
Criteria for a diagnosis of Type 2 diabetes included: (1) current use of insulin or oral hypoglycaemic agents and an age of at least 40 years at diabetes diagnosis, or (2) a 1 h post-load glucose value _> 13.9 mmol/1 after a 50 g oral glucose load.
Because all the twins necessarily passed the military induction physical examination, men with early-onset Type 1 diabetes were excluded from the original study sample. To exclude later-onset Type 1 diabetes, 2 monozygotic twin pairs were omitted because at least 1 member of each pair was diagnosed prior to age 40 and was treated only with insulin. In addition, the sample included 4 other monozygotic and 4 dizygotic twin pairs in which at least one twin was treated with insulin for diabetes diagnosed after age 40. Considering the higher incidence of Type 2 diabetes compared with Type 1 (insulindependent) diabetes in this age group and the popularity of prescribing insulin rather than oral hypoglycaemic agents during this time period, we ultimately included these twins in the reported results; exclusion of these pairs did not substantially alter the resuks.
Statistical analysis
Concordance was assessed using two different concordance rates, each calculated separately for monozygotic and dizygotic twin pairs [13, 14] . The proband concordance rate is the proportion of affected individuals among twins of independently ascertained index eases (probands). This rate measures the risk of disease among co-twins of affected twins. When ascertainment is complete, as in the present study, the proband concordance rate is 2C/(2C + D), where C is the number of disease-concordant pairs and D is the number of diseasediscordant pairs. For comparison with other studies for which the proband concordance rate was not available, we have also presented the pairwise concordance rate, simply the proportion of all affected twin pairs in which both members are affected, i.e. C/(C + D).
To investigate the association between environmental or behavioural factors and the development of Type 2 diabetes while controlling for a genetic predisposition to the disease, matched-pair analyses were conducted using those discordant monozygotic pairs in which both twins were nondiabetic at the first examination. Twins in whom diabetes subsequently developed were compared with their unaffected co-twins by matched-pair Student's t-tests for measures of glucose, obesity, education, and diet obtained prior to diabetes diagnosis. To assess the similarity between the unaffected co-twins from the diabetes-discordant pairs and other subjects without diabetes, the nondiabetic co-twins were compared with a sample comprising 1 monozygotic twin from each pair with no evidence of diabetes in either twin. Standard Student's t-tests were used to evaluate the differences between these 2 groups in glucose, obesity, diet, and education measured at or before the first examination.
Results
Prevalence and concordance for Type 2 diabetes are presented in Table 1 . Values from the first examination also are presented for twin pairs who returned for the second examination. No difference in concordance between monozygotic and dizygotic twins was seen at the first examination when mean age of the group was 47 years and prevalence of the disease was 5.7%. Ten years later, prevalence was approximately 13% and the proband concordance rate reached 58.3% for the monozygotic twins. Among disease,discordant pairs of monozygotic twins at the second examination, 65% (13 of 20) of non-diabetic twins had 1 h post-load glucose values between 11.1 and 13.8 mmol/1.
Monozygotic twins who returned for the second examination were representative of all monozygotic twins at the first examination in regard to prevalence and concordance of Type 2 diabetes. However, dizygotic twin pairs who remained in the study had a lower prevalence and proband concordance for Type 2 diabetes than those who did not. Thus, the decrease in diabetes concordance observed among dizygotic twins between the first and second examinations is at least partly an artifact of the subset of dizygotic twins who returned. For this reason, we did not compare monozy-765 gotic and dizygotic concordance estimates at the second examination, and the remainder of the analyses focused primarily on the more reliable monozygotic twin sample. As shown in Table 2 , different diagnostic glucose tolerance criteria influenced prevalence figures greatly but had little effect on concordance estimates. Whereas prevalence steadily increased with a decrease in the glucose tolerance test level used for diagnosis of Type 2 diabetes, concordance estimates were independent of the threshold value. To maximize diagnostic specificity and predictive value, we used a I h postload glucose level of > 13.9 mmol/1 as part of the diagnostic criteria in all subsequent analyses.
Among the 21 twin pairs discordant for diabetes at the first examination, monozygotic twins were more likely to have become concordant when seen at the second examination (7 pairs) than to stay discordant (1 pair). In 7 other pairs, neither twin met our criteria for Type 2 diabetes at the second examination. Because 6 of the 21 discordant monozygotic twin pairs did not return for the second examination, these rates of change are minimum estimates. (In contrast, only 1 pair among the 21 disease-discordant dizygotic twin pairs became concordant for Type 2 diabetes; 3 pairs became concordant for no disease, 8 remained discordant, and 9 did not return for the second examination.) Of the twins who were apparently diabetic at the first but not at the second examination, 5 (3 monozygotic and 2 dizygotic) had either lost at least 5% of their first-examination weights or had glucose levels that a Includes 19 monozygotic twin pairs in which neither twin had diabetes at the first examination by study criteria and in which I twin remained non-diabetic while his co-twin subsequently became diabetic before the second examination; b Includes all monozygotic twins who came from pairs with no evidence of diabetes and who had 1 h, post-load glucose levels less than 11.1 mmol/1 at the second examination; ~ p< 0.05 when compared to the group of non-diabetic co-twins using matched-pair Student's t-test; d p < 0.05 when compared to the group of non-diabetic co-twins using standard Student's t-test were still elevated (>_11.1 mmol/l) at the second examination; the other 5 previously hyperglycaemic twins no longer had elevated glucose levels despite no evidence of weight change, of diabetic diet, or of medication use. To assess whether environmental or behavioural similarity within monozygotic twin pairs could account for the observed concordance for Type 2 diabetes, we compared degree of contact between co-twins in disease-concordant and disease-discordant monozygotic twin pairs (Table 3) . No appreciable differences by concordance status were seen for the number of years twins lived together. However, disease-concordant twins were more likely to be in current weekly contact with each other than were other twin pairs.
In 19 of the 20 monozygotic twin pairs discordant at the second examination, the diabetic twin was diagnosed with Type 2 diabetes after the first examination. Diabetes risk factors collected at the first examination or earlier (i.e. before diabetes was diagnosed) were compared for diabetic twins, their non-diabetic cotwins, and other nondiabetic monozygotic twins (Table 4) . When evaluated by matched-pair Student's t-tests, the diabetic twins and their unaffected twin brothers did not differ significantly for any of the measures of obesity, alcohol consumption, diet, or education, but 1 h post-load glucose values were significantly higher among the diabetic twins (p<0.02). When the nondiabetic twin brothers of diabetic twins were compared with other non-diabetic monozygotic twins using standard Student's t-tests, the twin brothers of diabetic twins had significantly higher lh post-load glucose values (t7< 0.03) and were more obese later in life (t7< 0.02 at the first examination).
Discussion
The results of this study strongly suggest the importance of genetic factors in the development of Type 2 diabetes. Type 2 diabetes developed in 58% of co-twins of diabetic monozygotic twins by 52-65 years of age. In contrast, the national prevalence of Type 2 diabetes among white men in the same age range is 10% (including previously diagnosed and undiagnosed Type 2 diabetes) [15] . Thus, the risk of Type 2 diabetes developing in monozygotic twin brothers of diabetic twins is nearly six-fold higher than in their peers. Furthermore, only 1 of 15 originally disease-discordant monozygotic twin pairs who returned for the second examination remained discordant for diabetes, and 65% of the nondiabetic monozygotic twin brothers of diabetic twins had elevated glucose tolerance levels at the second examination.
The similar concordance for monozygotic and dizygotic twins at the first examination emphasises the influence of age on concordance of Type 2 diabetes in twins. Among monozygotic twins, 11 pairs became concordant for diabetes between the first and second examinations. At least 19 pairs became newly discordant, and among these pairs, a large proportion of the nondiabetic twins had elevated post-load glucose levels at the second examination. Because these twins are still at high risk for Type 2 diabetes [16] , concordance is likely to increase with continuing follow-up. Barnett et al. [5, 17] observed a similar tendency in their longitudinal study. Thus, our results are not inconsistent with the other twin and family studies [1] [2] [3] [4] [5] [6] [7] [8] .
The degree of bias in our findings due to selective exclusion of twins with Type 2 diabetes is likely to be quite small. At the military induction examination, potential recruits were not regularly excluded from the Armed Services for obesity or glycosuria unless clinically diagnosed diabetes was found [18] . Because of their young ages, most of these diabetic men probably had Type I diabetes. Underenrollment of affected twins in this study [19] also is not suggested by comparison with national statistics: the prevalence of Type 2 diabetes among white men aged 45-54 years is 6.7% [15] compared with 5.7% among our slightly younger twins at the first examination. Finally, possible selective loss of twins with Type 2 diabetes due to death during the interval betwe.en the first and second examinations was investigated by a review of death certificates. Among the 21 deceased monozygotic twins, 14 death certificates suggested cardiovascular disease as an underlying or associated cause of death, but none specifically mentioned diabetes. Mean values of glucose tolerance and body mass index from the first examination for these 14 twins did not differ significantly from twins who survived.
Disease concordance within twin pairs may be due to both genetic and environmental similarityl Twin pairs concordant for Type 2 diabetes were more likely to be in current, frequent contact than were discordant twin pairs, suggesting that environmental or behavioural factors which occur later in life may influence the development of diabetes. Additional evidence for environmental influences was suggested by less than 100% concordance and by variation in age at diabetes onset between monozygotic twins.
Comparison of monozygotic co-twins discordant for diabetes provides an appealing approach for identifying nongenetic risk factors because it controls for genetic predisposition to disease. However, among the 19 discordant monozygotic twin pairs, body mass at various ages, education, ,diet, and alcohol consumption measured prior to diabetes diagnosis were virtually identical for diabetic twins and their unaffected twin brothers. The elevated glucose tolerance levels at the second examination for many of these unaffected twin brothers of diabetic twins may indicate impending onset of diabetes; similarity in risk factor levels between diabetic twins and their apparently unaffected co-twins may therefore not be surprising.
Confirming the importance of adult weight gain in the development of Type 2 diabetes, the diabetic twins and their nondiabetic twin brothers gained substantially more weight than did the other nondiabetic twins during the adult years prior to development of diabetes despite virtually identical mean body mass indices in early adulthood. Whether this weight change occurred for environmental or genetic reasons cannot be determined. Perhaps the gene or genes responsible for susceptibility to Type 2 diabetes also contribute to obesity. On the other hand, a role for adult weight gain as a nongenetic risk factor is suggested by the I monozygotic twin pair that remained discordant for diabetes more 767 than 10 years: although both twins gained weight, the diabetic twin weighed more than his nondiabetic brother at induction (83 kg versus 78 kg) and gained more by the first examination (33 kg versus 23 kg). The nondiabetic twin did not gain additional weight between the first and second examinations.
Our diagnoses of Type 2 diabetes were based on criteria that differ from the recommendations of the National Diabetes Data Group (NDDG) [20] and World Health Organization [21] . At the first examination, which occurred prior to the development of these guidelines, glucose tolerance was measured at 1 h as was commonly done in epidemiologic studies of that time. For the sake of comparability, the same test was repeated at the second examination rather than changing to a fasting or 2 h value.
Haffner et al. [22] found that the 1-h glucose value of 11.1 retool/1 following a 75-g glucose load had a sensitivity of 93.6% and a specificity of 90.4% in Anglo-Americans when compared with the NDDG criteria. Raising the diagnostic criteria to 13.9 mmol/1 increases specificity to 98.8% whereas sensitivity declines to 56.3% (S.M.Haffner, personal communication). As we primarily wished to exclude false-positive diagnoses, we chose the higher threshold. Although the sensitivity of our criteria is theoretically quite low, the 12-13% prevalence observed among our twins at the second examination resembles the 10.4% prevalence shown in data from the National Center for Health Statistics [15] . Our specificity may be better than expected because the glucose load was 50 g instead of 75 g. However, even with this high degree of specificity, there probably were false-positive test results: 10 twins (including 1 who was taking medication) were categorised by our criteria as diabetic at the first examination but not at the second examination. Only 5 of these had lost weight or still had elevated glucose levels that were below our diagnostic threshold. This probably reflects the lack of reliability of glucose tolerance tests in general and particularly the 1 h value [23] .
Thus, more complete and unbiased ascertainment of late-onset diabetes among monozygotic twins supports a strong genetic predisposition, at least among white men. The susceptibility of other racial or ethnic groups who have very different rates of Type 2 diabetes and glucose tolerance distributions may result from different underlying genetic or environmental mechanisms [24] . Unfortunately, significant estimates of monozygotic twin concordance do not distinguish among a variety of genetic modes of inheritance, from single genes with incomplete penetrance to multifactorial inheritance [14, 25] . Consequently, elucidating a specific genetic basis and the role of environmental or behavioural factors in the phenotypic expression of the diabetes genotype requires further investigation of twins and families as well as longitudinal population-based research. Our results suggest that genetic marker studies of disease-discordant dizygotic twins may be particularly informative for identifying the gene or genes responsible for susceptibility to Type 2 diabetes, especially if the co-twins are similar with respect to obesity. Further attention to disease-discordant monozygotic twin pairs in which the non-diabetic co-twin does not exhibit metabolic abnormalities will also help our understanding of the gene-environment interaction which undoubtedly characterises this disease.
